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Resumen
Se realizó un estudio sobre eventos extremos de 
sequía y humedad (± 1 desviación estándar), así 
como eventos de precipitación diaria mayores 
al percentil 95 (P95), asociados a tormentas 
tropicales y otros eventos, en tres cuencas 
hidrológicas costeras del sur de Oaxaca (Río 
Verde, Río Tehuantepec y la costa del sur de 
Oaxaca). El estudio está basado en registros de 
precipitación diaria de 47 estaciones bajo control 
de calidad durante el periodo de 1961-1990, con 
GDWRV GH WRUPHQWDV WURSLFDOHV SDUD HO 3DFt¿FR
Oriental Tropical. El objetivo de este estudio fue 
evaluar eventos extremos (húmedos y secos), 
las tendencias de la contribución anual de la 
precipitación derivada del P95 y la relación de la 
precipitación de verano con El Niño-Oscilación del 
6XU\OD2VFLODFLyQ'HFDGDOGHO3DFt¿FR6HUHDOL]y
una regionalización basada en un análisis de 
componentes principales lo cual dió por resultado 
cuatro regiones de precipitación. Una correlación 
QHJDWLYDVLJQL¿FDWLYDDOGHFRQ¿DQ]DIXH
encontrada sólo con el índice ONI en la región 3, 
la más cercana al Golfo de Tehuantepec. Los años 
húmedos ligados a eventos del P95 asociados 
con tormentas tropicales, fueron relacionados 
con anomalías negativas ≥ − °( )0 6. C similares 
a condiciones de La Niña débil y neutrales. 
Mientras que los años secos fueron relacionados 
con anomalías positivas similares a condiciones 
neutrales ≤ − °( )0 5. C . La mayor contribución de 
precipitación del P95, asociada con tormentas 
tropicales, fue observada en la región 3. Sólo 
se encontró una tendencia positiva de esta 
contribución en la región 1: el bajo Río Verde.
Palabras clave: eventos de lluvia extrema, MSD, 
años secos, ciclones tropicales, ENSO, PDO.
Abstract
Extreme wet and dry years (± 1 standard 
deviation, respectively), as well as the top 95 
percentile (P95) of daily precipitation events, 
derived from tropical cyclone (TC) and non-
tropical cyclone (NTC) rainfall, were analyzed in 
coastal river basins in Southern Oaxaca, Mexico 
(Río Verde, Río Tehuantepec, and the Southern 
Coast). The study is based on daily precipitation 
records from 47 quality-controlled stations for the 
1961 to 1990 period and TC data for the Eastern 
7URSLFDO3DFL¿F(3$&7KHDLPRIWKLVVWXG\ZDV
to evaluate extreme (dry and wet) trends in the 
annual contribution of daily P95 precipitation 
events and to determine the relationship of 
summer precipitation with El Niño Southern 
2VFLOODWLRQ (162 DQG WKH 3DFL¿FDO 'HFDGDO
2VFLOODWLRQ 3'2 $ UHJLRQDOL]DWLRQ EDVHG RQ D
URWDWHGSULQFLSDO FRPSRQHQWDQDO\VLV 3&$ZDV
used to produce four precipitation regions in 
WKH FRDVWDO ULYHU EDVLQV $ VLJQL¿FDQW QHJDWLYH
FRUUHODWLRQ VLJQL¿FDQFH DW WKH  OHYHO ZDV
only found with ONI in rainfall Region 3, nearest 
to the Gulf of Tehuantepec. Wet years, mainly 
linked to TC-derived P95 precipitation events, 
were associated with SST anomalies ≥ − °( )0 6. C  
similar to weak La Niña and Neutral cool 
conditions, while dry years were associated with 
SST positive anomalies similar to Neutral warm 
conditions ≤ − °( )0 5. C . The largest contribution of 
extreme P95 precipitation derived from TCs to the 
DQQXDOSUHFLSLWDWLRQZDVREVHUYHGLQ5HJLRQ$
VLJQL¿FDQWXSZDUGWUHQGLQWKHFRQWULEXWLRQRI7&
derived precipitation to the annual precipitation 
was found only in Region 1, low Río Verde. 
Key words: extreme rainfall events, MSD, dry 
years, tropical cyclones, ENSO, PDO.
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Introduction
Precipitation variability in the southern Mexican 
state of Oaxaca (Figure 1) has played a decisive 
UROHLQWKHDJULFXOWXUHVHFWRUZLWKVRFLDO(QG¿HOG
et al., 2004) and economic (Dilley, 1997; 
(QG¿HOG et al., 2004) impacts, mainly during 
extreme events such as those associated with El 
Niño conditions or with the passage of tropical 
F\FORQHV 7&V $JULFXOWXUH DFFRXQWV IRU DERXW
 RI WKH HFRQRPLF DFWLYLW\ LQ 2D[DFD DQG
takes place mainly in the valleys, in the southern 
coastal plains, and the northeastern part of the 
state, with corn being one of the main crops 
(INEGI, 2012). Most maize in Oaxaca is planted 
during May and June to coincide with the onset 
of the rainy season (Dilley, 1997). Stress has 
been observed in maize growth (Dilley, 1997) 
coincident with the mid-summer drought (a 
relative minimum of precipitation between July 
DQG $XJXVW NQRZQ DV ³&DQLFXOD´ 0RVLxR DQG
García, 1966; Magaña et al., 1999; Curtis, 2004; 
Magaña and Caetano, 2005). For the 1978 to 
 SHULRG WKH WRWDO $XJXVW SUHFLSLWDWLRQ LQ
the Oaxaca Valley predicted the yields on rain-
IHG PDL]H 'LOOH\  'XULQJ WKH $XJXVW
precipitation variability during this period 
was sensitive to interannual variations of the 
Southern Oscillation Index (SOI) and a synoptic 
index of summer 850 hPa-level temperatures 
(Dilley, 1997). 
Precipitation in the early part of the rainy 
season (May–June) results from the northwards 
movement of the Inter-Tropical Convergence 
Zone (ITCZ) and easterly winds that bring 
moisture from the Gulf of Mexico; the latter part 
of the rainy season (July–September) is governed 
by the Mexican monsoon and increased TC 
IUHTXHQF\LQWKH*XOIRI0H[LFRDQGWKH3DFL¿F
ZKLFK DUH VWURQJHVW GXULQJ $XJXVW 'LOOH\
1997). This particular contribution for TCs over 
the annual precipitation has not been studied for 
the coast of Oaxaca. Between 1993 and 2007, 
one third of the major hurricanes in the Eastern 
7URSLFDO3DFL¿F(3$&KDGWUDFNVWKDWUHPDLQHG
close to the Mexican west coast, with the highest 
peak intensity near Southern Mexico (Sánchez et 
al., 2009). The ecological (Villegas-Romero et al., 
2009, Villegas-Romero et al., 2004), social and 
economic impacts of TCs on the coast of Oaxaca 
are well documented by Bitrán (2002). Hurricane 
Pauline (in 1997) alone caused economic losses 
RI DURXQG PLOOLRQ 86' LQ $FDSXOFR LQ WKH
neighbor state of Guerrero (Bitrán, 2002). 
Several parts of the basins in the southern coast 
of Oaxaca, such as Barra Coyula, Río Colotepec 
and Río Grande basins were also affected by this 
H[WUHPHHYHQW&21$%,2D
$ VWXG\ UHJDUGLQJ JOREDO WUHQGV VKRZV
an increase in daily extreme precipitation in 
Southern Mexico over the past half century; 
one of the main problems in analyzing extreme 
climate events is the lack of high-quality, long-
term climate data with adequate time resolution 
(Easterling et al., 2000). Most studies of extremes 
have focused on Northwestern and Central Mexico 
(e.g., Magaña et al., 2003; Cavazos et al., 2008; 
$UULDJD5DPtUH] DQG &DYD]RV  0pQGH]
and Magaña, 2010), while only a few studies 
have analyzed extreme events in Southern 
Mexico (Dilley, 1996; Peralta-Hernández, 2009). 
Peralta et al. (2009) in a regional study of 
Southern Mexico analyzed 23 extreme rainfall 
indices; they found an increase in extreme daily 
precipitation events over the 1960-2004 period, 
with a step-like jump in the early 1970’s. The 
YDULDELOLW\ RI H[WUHPH HYHQWV ZDV VLJQL¿FDQWO\
related to ENSO (El Niño Southern Oscillation) 
DQG WKH 3'2 3DFL¿F'HFDGDO2VFLOODWLRQZLWK
most daily heavy rainfall events occurring during 
La Niña and the positive phase of the PDO 
(Peralta et al., 2009). In contrast, according to 
Pavía et al. (2006) El Niño events favor seasonal 
wet conditions in Southern Mexico, but during 
summers of a cold phase of the PDO. 
$QRWKHUVWXG\RIWKH2D[DFD9DOOH\DVVRFLDWHG
droughts and reduced corn production to El Niño 
conditions (Dilley, 1997). ENSO warm events 
were associated with dry conditions in the 
valley owing to a southward displacement of 
the ITCZ during the low phase of the Southern 
Oscillation and diminished storm frequency in 
the Gulf of Mexico (Dilley, 1996). In other parts 
of the west coast of Mexico, this association of 
El Niño with dry conditions has also been found 
to occur during the warm phase of PDO in the 
Gulf of California continental watershed (Brito-
Castillo et al., 2003). On the other hand, a 
reduced number of TCs making landfall during 
El Niño years was also observed during 1961-
 -DXUHJXL  $FFRUGLQJ WR WKHVH
previous studies, a wet or dry summer depends 
on the phase of PDO and the ENSO condition. 
The current study focuses more on the positive 
and negative PDO phases and regions from the 
coast, to the Oaxaca Valley, and through the 
mountains of Oaxaca State. Study of the climate 
variability in this region is important due to its 
localization just in the north limit of the ITCZ, 
VRXWKRIWKH1RUWK$PHULFDQPRQVRRQDQGQHDU
the warm pool in the Gulf of Tehuantepec. In the 
case of extreme daily precipitation associated 
with TCs there are no studies in Oaxaca, while 
these events have been associated with weak La 
Niña to Neutral conditions in the monsoon region 
(Cavazos et al., 2008). 
The present study aims to understand the 
variability of extreme annual, seasonal and daily 
precipitation events in Southern Oaxaca (shown 
in Fig. 1), and their relationship to interannual 
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)LJXUH6WXG\$UHDLQ6RXWKHUQ2D[DFD0H[LFR7KHEODFNVROLGOLQHVVKRZWKHWKUHHEDVLQVDQGWKHGDVKHGOLQHV
the physiographic characteristics (a-g).
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and interdecadal phenomena such as ENSO and 
PDO. The study area reaches from the inland 
valley to the coastal areas, focusing on a regional 
scale that has not been addressed previously, 
and considering the summer precipitation when 
the TC season is predominant. This paper is 
RUJDQL]HG LQWR VL[ VHFWLRQV WKH ¿UVW RI ZKLFK
is the Introduction). Section 2 describes the 
region, section 3 the dataset used, and Section 
4, the methods used to obtain regional extreme 
events (dry and wet years, and TC and Non-TC 
derived P95 daily rainfall events) and trends 
in the frequency of the extremes. The results 
of the regional extreme events at annual and 
seasonal timescales are presented in Section 
5, and the discussion of the relationships with 
ENSO and PDO is presented in Section 6. The 
main conclusions of the study are presented in 
Section 7.
6WXG\5HJLRQ
The study area is located in the Southern 
0H[LFDQ 3DFL¿F UHJLRQ )LJ  LQFOXGLQJ WKH
coastal hydrological basins of the state of 
Oaxaca: (1) Río Verde, (2) Río Tehuantepec, 
and (3) the Southern Coast region; this coastal 
region includes several smaller sub-basins (Río 
&RORWHSHF5tR&RSDOLWD5tR$VWDWDDQGRWKHUV
7KHGRPDLQH[WHQGVIURPWKH3DFL¿FFRDVWWRWKH
mountains, and covers an area of approximately 
39,000 km2. These basins are located between 
15° 39’ and 17° 35’ N latitude and 95° 7’ and 
97° 55’ W longitude (see Fig. 1) and are bounded 
to the north by the High Mixteca, by the Eastern 
Mountains to the northeastern, by Guerrero 
VWDWHWRWKH:HVWDQGE\WKH3DFL¿F2FHDQWRWKH
South. The study area is bounded by the Gulf of 
0H[LFR DQG WKH 3DFL¿F2FHDQ DQG QHDU WR WKH
Gulf of Tehuantepec. The predominant climate is 
sub-humid and warm on the coast, and semiarid 
in the valley. The region’s population totals 
to around 2,500,000 people. The study area 
includes several physiographic provinces shown 
in Fig. 1: the South coastal plains located up to 
300 m above sea-level, the Sierra Madre del Sur 
(up to 2000 m elevation), the Oaxaca Valley (up 
to 1500 m), the Sierra Madre de Oaxaca (up to 
2500 m), and the Isthmus plain (up to 400 m). 
The predominant vegetation consists of rain-fed 
and irrigated agriculture, oak, low deciduous 
trees, pine-oak, mountain mesophyll, and semi-
evergreen seasonal forests. 
The main economical activities in the 
state of Oaxaca are: commerce and services 
 LQGXVWULDO DQG FRQVWUXFWLRQ  DQG
DJULFXOWXUH  %HVLGHV WKHLU XVH IRU ZDWHU
supply to agriculture and urban activities, some 
of the hydrological basins studied are also 
important carbon reservoirs and others function 
as coastal protection zones during extreme 
HYHQWVVXFKDVKXUULFDQHV&21$%,2D
&21$%,2 1DWLRQDO &RPPLVVLRQ IRU .QRZOHGJH
DQG8VHRIWKH%LRGLYHUVLW\KDVFODVVL¿HGVRPH
RIWKHEDVLQVRIWKHVWXG\DV³SULRULW\IRU0H[LFR´
based on environmental services (hydrological 
and maritime priority zones) and biodiversity 
LQODQGSULRULW\]RQHV&21$%,2E
Data
Daily-observed precipitation data were analyzed 
from 1950 to 2008 for a network of 184 stations 
across the study area (Fig. 2). The data were 
obtained from the Mexican Climatological 
Station Network Data (CLICOM) database of 
the Servicio Meteorológico Nacional (SMN) of 
WKH 0H[LFDQ 1DWLRQDO :DWHU &RPPLVVLRQ $
quality control protocol was adopted to identify 
HUURUV DQG JDSV VWDWLRQV ZLWK OHVV WKDQ 
of complete and correct data were discarded. 
$WKUHVKROGRIVWDQGDUGGHYLDWLRQVDERYHWKH
climatological mean was used to indentify daily 
outliers. Histogram analyses, using R-Climdex, 
an R statistical package of public domain (http://
cccma.seos.uvic.ca/ETCCDMI/software.shtml), 
the median, a comparison with neighboring 
stations, and the type of related events, such as 
the passage of TCs, were used to determine the 
validity of the outliers, which were only rejected 
after manual inspection. Seventy per cent of the 
original 184 stations (i.e., 129) were accepted 
after the quality control. 
$PDLQSDUDPHWHU WRDFFHSWRU WRGLVFDUGD
station was the continuity of the data series. The 
best period of the daily observations was 1961-
1983; by early 1984 the continuity in the series 
quickly deteriorated; between 1983 and 1990, 
RQO\  RI WKH VWDWLRQV KDG FRPSOHWH GDWD
The daily precipitation series showed continuing 
disruptions from 1990 to 2000. 
Initially, the best 61 stations that covered 
WKLUW\RIWKHRULJLQDOVWDWLRQVDYDLODEOHLQWKH
study area were used for a Principal Components 
$QDO\VLV 3&$ RI PRQWKO\ SUHFLSLWDWLRQ RI WKH
1961-1983 period to produce precipitation 
UHJLRQV LQ WKH FRDVWDO ULYHU EDVLQV VWXGLHG $
second analysis was carried out using only 47 
VWDWLRQV TXDOLW\ FRQWUROZLWK RI FRPSOHWH
data series) to increase the time period of the 
DQDO\VLV WR  )LJ  1R VLJQL¿FDQW
differences in the regional distribution of the 
two data sets analyzed were found; therefore, 
the present article is based on the longer (1961-
1990) period.  
The variability of the extreme events was 
VWXGLHGLQHDFKUHJLRQGHULYHGIURPWKH3&$¿UVW
annual and seasonal anomalies of precipitation 
(for dry and wet years) were studied and after 
that daily P95 rainfall events derived from TCs 
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DQG1RQ7&V17&LQWKHHDVWHUQ7URSLFDO3DFL¿F
were analyzed.
7KH FODVVL¿FDWLRQ RI H[WUHPH GDLO\ UDLQIDOO
events into TC-derived and non NTC extremes 
was done using a historical database of TC tracks 
RI WKH (3$& IURP WKH 8Q\VLV GDWD VHW KWWS
ZHDWKHUXQLV\VFRPKXUULFDQHHBSDFL¿FLQGH[
html). 
The relationship between extreme events of 
precipitation and ENSO and PDO were analyzed 
through a correlation analysis with the PDO 
and the Oceanic El Niño Index (ONI), which is 
GH¿QHGDVPRQWKUXQQLQJPHDQRI(5667YE
SST anomalies in El Niño 3.4 region (5oN-5oS, 
RR:$QDQQXDODYHUDJHRIWKHVHYDOXHV
(based on 3-month running means) and a July-
$XJXVW6HSWHPEHU -$6 UXQQLQJ PHDQ ZHUH
used for this analysis. This was obtained from the 
Climate Prediction Center (http://www.cpc.noaa.
gov/products/analysis_monitoring/ensostuff/
ensoyears.shtml). The PDO index (Mantua et 
al., 1997) was obtained from http://www.atmos.
ZDVKLQJWRQHGXaPDQWXD7$%/(6KWPO
Sea surface temperatures (SST) and their 
anomalies (SSTan) were used to show the 
FRQGLWLRQVLQZHWDQGGU\\HDUV12$$H[WHQGHG
reconstructed SST v3 data was used and provided 
E\WKH12$$2$5(65/36'%RXOGHU&RORUDGR
86$ IURP WKHLU ZHEVLWH DW KWWSZZZHVUO
noaa.gov/psd/.
Methods
Principal analysis components (PCA)
$ UHJLRQDOL]DWLRQ EDVHG RQ D URWDWHG SULQFLSDO
FRPSRQHQWDQDO\VLV3&$ZDVXVHGWRSURGXFH
precipitation regions in Southern Oaxaca river 
basins. This regionalization was used to evaluate 
wet and dry years in the rainy period over 
May to October averages, and the P95 of daily 
precipitation rainfall events associated with TCs 
and Non-TCs. 
$Q 6PRGH 3&$ ZDV DSSOLHG WR PRQWKO\
precipitation of the study area during the 1961-
1983 period using 61 stations, and during the 
1961-1990 period using only the 47 best stations 
after the quality control analysis. Gaps in the data 
were replaced with mean monthly climatological 
YDOXHVEHIRUHWKHDQDO\VHV7KH3&$ZDVDSSOLHG
using a correlation matrix instead of a covariance 
matrix according to Comrie and Glenn (1998) 
for precipitation regionalizations. The selection 
of the number of principal components (PCs) to 
retain was based on a scree test (Cattel, 1966); 
four PCs were retained in both analyses, and the 
regionalization results were similar.
Orthogonal (varimax) and oblique (oblimin) 
rotations were tested; the oblimin rotation (with 
į ) produced more consistent results, as in 
other precipitation regionalizations (White et 
al. 1991; Comrie and Glenn 1998; Englehart 
)LJXUHSpatial distribution of mean annual precipitation (mm/yr), station location and number of stations in function 
of topography for 47 out of 184 stations used in the study area during the 1961-1990 period.
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DQG'RXJODV*XLUJXLVDQG$YLVVDU
$UULDJD5DPtUH]DQG&DYD]RV )RXU3&V
were retained after rotation; these explained 
 RI WKH WRWDO SUHFLSLWDWLRQ YDULDQFH 7KH
four regions were delineated using the contour 
Ǆ RXWRIVWDWLRQVPHWWKLVFULWHULRQ
(Figure 2). 
Extreme precipitation events 
7KHSUHFLSLWDWLRQ UHJLRQVGHULYHG IURP WKH3&$
were used to analyze the variability of extreme 
precipitation events. First, regional wet and dry 
extreme events were analyzed at annual and 
seasonal scales, then extreme daily precipitation 
events derived from TC and Non-TC of eastern 
3DFL¿F7URSLFDOZHUHDOVRVWXGLHG
([WUHPHZHWGU\\HDUVZHUHFODVVL¿HGXVLQJ
standardized (Z) precipitation anomalies more 
than ± 1 standard deviation from Z; where 
WKH = DQRPDO\ LV GH¿QHG DV WKH DQQXDO PHDQ
precipitation of the stations in every region, 
minus the climatological mean for the 1961-1990 
SHULRGGLYLGHGE\WKHLUVWDQGDUGGHYLDWLRQ$QQXDO
and seasonal anomalies were produced; as well 
as seasonal on the rainy season (May to October, 
ZLQWHU'-)GXULQJWKH06'SHULRG-$DQGDW
the start of the ITCZ (June) near the region. 
$Q H[WUHPH GDLO\ SUHFLSLWDWLRQ HYHQW ZDV
GH¿QHG ZKHQ GDLO\ SUHFLSLWDWLRQ H[FHHGHG WKH
95th percentile (P95) value. Percentiles are 
obtained considering only wet days (precipitation 
>1mm). Extreme events were evaluated in 
individual stations and separated into summer 
events (June to October) and winter-spring 
events (November to May). The 5/7 month 
breakdown was used to evaluate the extreme 
events on the rainy season including the season 
of hurricanes, and to evaluate extreme events 
which were relationship with other processes 
(winter-spring events). This study exhibit only 
VXPPHU HYHQWV $Q H[WUHPH SUHFLSLWDWLRQ GD\
derived from TCs was considered when a storm 
center was located within 5° (latitude) of the 
stations analyzed, as described in other studies 
(e.g., Cavazos et al., 2008). 
The seasonal contribution from the P95 
HYHQWV ZDV GH¿QHG DV WKH VXP RI DOO H[WUHPH
event days from June to October divided by the 
annual precipitation. The seasonal contribution 
of TCs was calculated for each of the stations in 
HDFKUHJLRQGHULYHGIURPWKH3&$DQGDQDQQXDO
average among the stations in each region was 
also calculated. 
Linear trends in the annual contribution of 
the P95 rainfall events were evaluated with a 
non-parametric Mann-Kendall Test (Mann, 1945; 
Kendall, 1955) by normal approximation; an 
adjustment was made for tied observations. The 
VWDWLVWLFDO VLJQL¿FDQFH OHYHO XVHG IRU WKH WUHQG
DQDO\VLV ZDV  LH S 7KH VORSH RI
the trend was determined using Sen’s slope 
estimator (Sen, 1968).
The Mid-Summer Drought (MSD).
$V D PDQQHU WR HYDOXDWH WKH 06' D UHJLRQDO
GLIIHUHQFH EHWZHHQ -XQH WKH ¿UVW VXPPHU
PD[LPXPDQG-XO\WKH¿UVWVXPPHUPLQLPXP
was calculated. Values above the regional mean 
of the 1961-1990 period were associated with a 
strong start of the MSD and values less than zero 
(negative differences) were years with a missing 
MSD.
Relationship between extreme events and 
ENSO and PDO.
The relationships between regional extreme 
events through precipitation anomalies at annual 
and seasonal scales, and through ENSO and PDO 
periods were analyzed by correlation analysis 
XVLQJWKHOHYHORIVWDWLVWLFDOVLJQL¿FDQFH
P95 daily extreme events associated with 
TCs and Non-TCs were evaluated over 1961-
1990 period, identifying years with the largest 
frequency of events (>1 standard deviation) and 
their relationship with ENSO conditions. 
Results
Regional precipitation 
The study area precipitation presents similar 
annual (Fig. 2) and summer (not shown) 
precipitation patterns, as expected in a region 
where the rainy season is mainly during the 
summer (May – Oct). These months represent 
DQGDYHUDJHRIRIWKHDQQXDOSUHFLSLWDWLRQ
throughout all stations. The highest precipitation 
is observed in the western part of the Río Verde 
Basin. Two areas of maximum precipitation are 
apparent, one over the NW of the Rio Verde 
basin (reaching 2000 mm/yr), and another in 
the middle of the coastal basins (1600 mm/
yr). The lowest precipitation is seen in the Río 
Tehuantepec Basin and in the Oaxaca Valley a 
(600 mm/yr) (Figs. 1 and 2). The mean annual 
precipitation for the 47 stations (Fig. 3) was 909 
mm/yr. The precipitation time series (Fig. 3) 
show a relative dry period in 1961 and 1962, 
followed by a period with precipitation around 
the mean (with peaks in 1969, 1973 and 1981, 
El Niño and Neutral conditions). Finally, from 
1982 to 1990 a relative dry period is observed. 
7KH WLPH VHULHV GRHV QRW FRQWDLQ D VLJQL¿FDQW
trend; however, the number of years with values 
over the annual mean increases during the cold 
phase of the PDO (Fig. 3). 
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PC-based precipitation regions
7KH IRXU UHJLRQV GHULYHG IURP WKH 3&$ )LJ
4) show the monthly climatology for distinct 
regional precipitation patterns (Fig. 5). The 
percentage of variance explained by each PC 
region is as follows: PC1: 32.7, PC2: 29.8, PC3: 
25.6, and PC4: 9.3. Rio Verde basin presented 
three different patterns. PC1 coincides with 
the maximum annual precipitation (Fig. 2) and 
highest altitude (Fig. 1) including the Sierra 
0L[WHFD$OWDDQGWKH6RXWK&RDVW5DQJH3&LQ
the NE border of the Rio Verde basin, covers the 
Sierras Orientales; and PC4 covers the sierras 
and the Oaxaca Valley. This last region does 
not follow the orography-precipitation pattern 
described above, and topography goes from 500 
to 3000 m. Unfortunately, in PC4, the available 
weather stations are located only in the valley, 
so there is little or no data from the sierra area. 
Thus the valley, partly located in the orographic 
shadow of the mountains, presents the lowest 
precipitation of the four regions. The Tehuantepec 
basin covers the plains of the isthmus and 
belongs only to PC3. The South Coast sub-basins 
are characterized by two different patterns, PC1 
and PC3. 
The four regions are characterized by 
maximum precipitation in the summer (May-Oct) 
and considerably less rainfall during the rest of 
the year (Fig. 4 and 5). The main differences 
between the four regions are the summer 
precipitation regime distribution and the mean 
annual precipitation during the 1961-1990 period 
(Table 1). Low Río Verde (PC1) and the Isthmus 
of Tehuantepec (PC3), experience an early 
summer start in May due to the establishment 
and northward movement of the ITCZ over the 
(3$& *DUFtD et al., 1990, Cortéz-Vázquez, 
9DOGpVHWDO$PDGRUet al., 2006), 
DQGFRQWLQXHVXQWLO-XO\DQG$XJXVW
7DEOH  $QQXDOPHDQ DQG -XQH-XO\ GLIIHUHQFHV RI
precipitation for the 1961-1990 period.
5 5 R3 R4
Annual mean 
(mm/y)
1257 869 646 546
June-July mean 
(mm)
51 22 44 54
$SUHFLSLWDWLRQUHJLPHZLWKDELPRGDOUDLQIDOO
distribution is observed (Fig. 5a and 5c), with 
peaks in June and September and a minimum 
LQ -XO\$XJXVW $IWHU WKH ³&DQLFXOD´ 06' WKH
SUHFLSLWDWLRQLQFUHDVHVLQSDUWGXHWRWKHLQÀXHQFH
of TCs, which reach the maximum in September. 
The differences in the annual mean for each 
region are due to topography and location (Fig. 
4). PC1 covers the coastal plains and areas with 
altitude around 2200 meters, and PC3 covers the 
coastal plains only (Fig. 4). 
PC2 is in the NE limit of the Rio Verde basin 
and goes into the Sierras Orientales. This region 
LVLQÀXHQFHGE\WKHHDVWHUO\WUDGHVIURPWKH*XOI
of Mexico and TCs in the summer and fall (García 
et al., 1990); the minimum in July is delayed 
XQWLO$XJXVWZLWKPRLVWXUHHQULFKPHQWIURPWKH
Gulf of Mexico, and in September, a precipitation 
)LJXUHMean total annual precipitation (mm) over the study area derived from 47 meteorological stations. The 
dash line indicates the mean annual precipitation during the period (909 mm).
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)LJXUH The four PC-derived precipitation regions delineated using the contour limit of ܵ  7KHFLUFOHVUHSUHVHQW
discarded stations.
)LJXUHMean monthly precipitation averaged over all stations in each of the regions. (a) to (d) from PC1 to PC4, 
respectively. One standard deviation is shown in error bars. 
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maximum is observed due to the hurricane 
period (Fig. 5 b). 
PC4 has the lowest variance of the four 
UHJLRQV7KHDQQXDOPHDQUDLQIDOOLVRQO\RI
that observed in region 1. The maximum rainfall 
occurs in June, while in July the precipitation 
decreases and remains low during the next 
months, with a near-constant precipitation in 
WKH PRQWKV RI -XO\ $XJXVW DQG 6HSWHPEHU
and lacking the second peak of maximum 
precipitation observed in the other regions (Fig. 
5 d). This trend could be due to the presence 
of the Southern range, acting as a barrier for 
the middle section of the Río Verde basin and 
presenting an intermountain rainfall pattern with 
DÀDWSUHFLSLWDWLRQZLWKDOHVVHULQÀXHQFHRI7&V
Regional precipitation variability and its 
relationship to ENSO and PDO 
The regional precipitation variability was 
evaluated through Z mean anomalies, but only 
the May to October mean is shown in Fig. 6. In 
the annual and the summer season, two major 
positive anomalies were observed: in 1969 (El 
Niño year under a PDO negative phase) and 
in 1981 (Neutral condition and PDO positive 
phase). Comparing the 4 PC regions only the 
PC3 region shows a high value in 1969 and PC1 
LQ  %RWK DUH VWURQJO\ LQÀXHQFHG E\ WKH
,7&= DQG WKHLU SUR[LPLW\ WR WKH 3DFL¿F 2FHDQ
In other years, positive anomalies (> 1 standard 
deviation) were also observed: 1973, 1974, and 
1979 in a particular region; but 1969 and 1981 
were the years observed in the four regions. 
Dry periods were observed, from 1961 to 1965 
(except 1963), from 1976 to 1977 and from 
1982 to 1990 (except 1984).
Considering the June Z mean anomaly, the 
¿UVW SHDN LQ  LV RQO\ REVHUYHG LQ WKH 3&
region, the Tehuantepec and South coast; but 
the one in 1981, a wet year, starts in June and 
is observed in all regions with highest relative 
values in PC2 and PC4, regions closest to the 
*XOIRI0H[LFR)URP-XO\WR$XJXVWWKH=PHDQ
anomalies during the MSD period, 1969 wet year 
is observed in all regions, but precipitation in 1981 
begins to decrease in all regions. Both anomalies 
disappear during September-October. 
The results of the correlation between the Z 
mean anomalies in different periods with ONI 
DQGWKH3'2DUHVKRZQLQ7DEOH1RVLJQL¿FDQW
correlation was found between precipitation 
anomalies and PDO and SST anomalies (values 
QRW VKRZQ 7KH 21, LQGH[ ZDV VLJQL¿FDQWO\
correlated (negative) only with precipitation 
anomalies in region 3 (Table 2).
)LJXUHMay to October standardized (Z) precipitation anomalies in the four PC-derived regions (a – d), (e) Z mean 
RIWKHIRXUUHJLRQV$QQXDO(O1LxR,QGH[21,ZKHUH(O1LxRLVZKHQ21,!XSDUURZ/D1LxD21,!GRZQ
arrow), and Neutral ONI between -0.5-0.5 (f).
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7DEOHCorrelations between Z precipitation anomalies 






R1: Low Rio Verde y costa -0.03 -0.02
R2: Golfo de México -0.23 -0.17
R3: Tehuantepec y costa  0.07
R4: Valle de Oaxaca (Rio 
Verde NE)
-0.1 -0.12
May to October mean
R1: Low Rio Verde y costa -0.2 -0.04
R2: Golfo de México -0.32 0.03
R3: Tehuantepec y costa  0.08




R1: Low Rio Verde y costa -0.1 0.17
R2: Golfo de México -0.13 0.21
R3: Tehuantepec y costa  0.19




$Q LQWHUDQQXDO YDULDWLRQ RI WKH 06' VWDUW ZDV
observed in all regions, but no relation between 
the start of MSD and a particular ENSO condition 




Extreme Events associated with TCs and Non-
TCs.
The annual contribution of the extreme rainfall 
events, derived from the passage of TCs and Non-
TCs in summer (June to October) is presented in 
Fig. 8 for the four regions; in some years the 
contribution of these events is zero. The total 
mean contribution of all extreme events to the 
annual precipitation in the four regions was low, 
RQO\ZKHUHFRUUHVSRQGV WRH[WUHPH
HYHQWV UHODWHG WR 7&V RI WKH (3$& DQG  WR
Non-TCs. Thus the majority of the annual rainfall 
comes from less intense events. The thresholds 
to identify extreme events (P95 and P99) and the 
mean contribution of TCs and non-TCs per region 
are shown in Table 3. In both cases Region 3 
(Isthmus of Tehuantepec and part of the South 
coast) is the region with the largest contribution 
of TC-derived and Non-TC-derived rainfall to the 
DQQXDO SUHFLSLWDWLRQ )RU 7&V D VLJQL¿FDQW DW
the 95 percent level) upward trend was found 
LQUHJLRQ)LJDDQGDVLJQL¿FDQWGRZQZDUG
trend in PC4, Oaxaca Valley (Fig, 8d). For Non-
7&GHULYHGUDLQIDOODVLJQL¿FDQWGRZQZDUGWUHQG
was found in PC2 and in PC4. Frequent events 
of TCs and Non-TCs during the 1961 to 1990 
period were evaluated and the years with values 
over the mean plus 1 standard deviation for TCs 
were: 1967, 1969, 1973, 1974, 1981 and 1983, 
)LJXUH June minus July precipitation and ONI values. Dash line shows the mean monthly difference between June 
and July over 1961-1990 period in each region.
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)LJXUH3FRQWULEXWLRQIURPH[WUHPHGDLO\SUHFLSLWDWLRQHYHQWVGHULYHGIURP7&EODFNDQG1RQ7&JUD\
to the annual precipitation. (a) to (d) P95 contribution from PC1 to PC4, respectively. (e) Mean average contribution 
IURPWKHIRXUUHJLRQVDEGH6KRZWKHOLQHDUWUHQGVLJQL¿FDWLYHS
mainly during La Niña and neutral conditions and 
for Non-TCs: 1969, 1973 and 1981. These years 
coincide with the wet years previously analyzed 
in section 4.3 (except 1967 and 1983 for TCs), 
and in a similar way, the possible relationship 
between SSTan and these rainfall P95-derived 
extremes from TCs and Non-TCs will be explored 
in next section. 
7DEOH  Thresholds used P95 and P99 percentiles 
and the annual climatological mean of precipitation 
(1961-1990).
5 5 R3 R4
3PP 40.5 33.4 51.5 35.8
3PP 63.5 55.3 86.3 58.2
TC (% Contri-
bution mean)
12.7 14.4 18 8.9
TC (% Contri-
bution mean)
7.8 9 14 6.5
SSTan associated with extreme precipitation 
events
SSTan behavior during extreme wet and dry 
years is described in Fig. 9. SSTan character-
istics during wet years (1969, 1973 and 1981, 
Fig. 6 d) were compared with those during dry 
years (1961, 1976 and 1982, Fig. 6 d). Negative 
anomalies (t R&LQWKH(3$&QHDUWKH(TXD-
tor during wet years are associated to weak La 
Niña/Neutral negative conditions, while positive 
anomalies ( 0.5oC) in the eastern Equatorial Pa-
FL¿FDUHREVHUYHGGXULQJGU\\HDUVDVVRFLDWHGWR
very weak El Niño to Neutral positive conditions.
Discussion
The rainfall regionalization (Fig. 4 and Fig. 5) in 
WKHVWXG\DUHDLVLQÀXHQFHE\RURJUDSKLFIDFWRUV
but in the PC4 region, an underestimation of the 
mean precipitation is possible because of the 
lack of stations in the NW Sierras (Fig. 1 c) and 
2D[DFD 9DOOH\ $UELQJDVW  DVVLJQHG WKLV
particularity in Oaxaca Valley to a decrease in 
precipitation due to orographic effects, observ-
ing a precipitation pattern following the isolines 
in the study area with low precipitation values 
in Oaxaca Valley. In central-northeastern Mex-
ico, a rainfall regionalization was found consis-
tent with topography and vegetation changes 
(Pineda-Martínez et al., 2007). But topography 
is not the only cause of for the regional patterns. 
Other processes involved are related to the Pa-
FL¿F2FHDQDQGWKH*XOIRI0H[LFR7KH,7&=LQ-
ÀXHQFHV WKH HVWDEOLVKPHQW RI WKH UDLQ\ VHDVRQ
)LJIURP0D\WR-XO\DQG$XJXVWEXWHDFK
region reaches different peaks and shows dif-
ferent precipitation distribution patterns due to 
TCs and the proximity of the Gulf of Tehuantepec 
and the Gulf of Mexico (Fig. 4 and Fig. 5). Dil-
ley (1996) mentioned that orography and local 
convection determined the precipitation pattern 
in Oaxaca Valley, but this is also governed by 
synoptic factors of large scale like the easterlies, 
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tropical storms, ENSO and the PDO. Here we 
¿QGDVLJQL¿FDQWEXWORZFRUUHODWLRQZLWK(162
(0.39, Table 2) only PC3 region. Cavazos and 
Hastenrath (1990), for example, observed that 
May-October precipitation, averaged over sev-
eral stations in the state of Oaxaca from 1966 to 
FRUUHODWHVZLWKWKH-XO\$XJXVWDYHUDJHRI
the SO1 at 0.38. This trend is consistent with our 
results using the ONI index. The regionalization 
is also consistent with other climatic regionaliza-
tions for Mexico (García et al. 1990; Giddings et 
al. 2005). 
Wet conditions in the negative phase of PDO 
have been observed in southern Mexico for the 
summer (Méndez et al., 2010), however correla-
tions between PDO and precipitation anomalies 
LQHDFKUHJLRQZDVORZDQGQRWVLJQL¿FDQWMXVW
a positive correlation (0.39) was found in PC1 
over the winter period from December to Febru-
ary. Pavía et al. (2006) found that wet conditions 
during the summer in the coast of Oaxaca are 
also associated with a negative PDO phase and 
El Niño events, as the case in 1969. Méndez and 
Magaña (2010) explained that during the nega-
tive phase of the PDO, the Caribbean low-level 
jet weakens and the easterly wave activity in-
creases, leading to more tropical convection over 
Mesoamerica. In the case of Oaxaca, more cases 
of wet years are observed during the negative 
SKDVHRI WKH3'2EXWQRVLJQL¿FDQWFRUUHODWLRQ
appears. The time period evaluated was another 
SUREOHPEHFDXVHRQO\RIWKHLQLWLDOVWD-
tions evaluated cover a PDO period completely 
and with an intermittent series of data, the rest 
of the stations do not cover a complete cycle of 
the PDO. In region 4, Oaxaca Valley, which has 
been related to drought conditions during El Niño 
events (Dilley, 1996), extreme dry years were 
related with the positive phase of PDO and weak 
El Niño/Neutral positive conditions, but no sig-
QL¿FDQW FRUUHODWLRQZDV IRXQG GXULQJ WKH FRP-
plete period of study. Dilley (1996) found this 
FRUUHODWLRQIRU$XJXVWIURPWRSHULRG
(after a PDO positive phase change). Figure 9a 
shows dry years associated to El Niño conditions 
RYHUWKHHTXDWRULDO3DFL¿F0pQGH]DQG0DJDxD
2010, associate prolonged drought over central 
and southern Mexico to the interaction between 
easterly waves and the trade winds over the in-
WUD$PHULFDVVHDV LQDGGLWLRQWR ORZIUHTXHQF\
PRGXODWRUVDV$WODQWLFPXOWLGHFDGDORVFLOODWLRQRU
PDO. These results suggest that predictability of 
ZHWDQGGU\\HDUVLQWKHUHJLRQLVGLI¿FXOWGXHWR
WKH LQÀXHQFHRI VHYHUDO ODUJHVFDOH WHOHFRQQHF-
tions interacting at different time scales and the 
lack of long data series.
7&V LQ WKH HDVWHUQ7URSLFDO 3DFL¿F DQG WKHLU
contribution to extreme events (P95) was larger 
than that of Non-TCs; other rainfall contribution 
to annual precipitation was possibly caused by 
local topography or by TCs in the Gulf of Mexico 
that in the present work were not evaluated. The 
years with more events in both cases coincided 
with negative SST anomalies in the equatorial 
3DFL¿F)LJE
Dilley, 1996, analyzed storm frequency (from 
WKH*XOI RI0H[LFR DQG WKH 3DFL¿F2FHDQ FRU-
relations with Oaxaca precipitation and found 
WKHVHZHUHVWURQJHVWGXULQJ$XJXVWDQG LQ WKH
areas between 0 and 25°N latitude into the Gulf 
RI0H[LFRDQGLQWKH3DFL¿F2FHDQ,Q6HSWHPEHU
the highest correlations were found in the grid-
cells on the Mexican coast adjacent to Oaxaca. 
7KHDXWKRUPHQWLRQWKDWDVHDVWHUO\ÀRZDEDWHV
during September, easterly waves become less 
LQÀXHQWLDODQGWKRVHVWRUPVWKDWDUHSUR[LPDWH
to Oaxaca are the ones with the greatest effect 
on precipitation. These results coincide with re-
gion 3, the largest contribution of P95 rainfall-
derived from TCs to the annual precipitation. 
In general, during El Niño (La Niña) has been 
reported that precipitation decreases (increas-
)LJXUHJune to October mean SST anomalies for the extreme dry (a) and wet (b) years.
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es) in the Tehuantepec Isthmus (Magaña et al., 
2003) and a reduced number of tropical storms 
making landfall during El Niño years (1961-1990 
period) has also been observed (Jauregui, 1995) 
coincident with our results. Region 4 was the low-
est TC contribution. In 1997, during the passage 
of hurricane Pauline, the Southern Sierra worked 
as a natural barrier preventing the phenomenon 
WR HQWHU 0H[LFDQ WHUULWRU\ &21$%,2  D
farther away from the coastal regions. Neverthe-
OHVVVWLOORIH[WUHPHHYHQWVDVVRFLDWHGWR7&V
were retained in this region (Table 2). 
The overall regional average of extreme 
events associated with TCs were related to La 
Niña and Neutral conditions, consistent with Per-
alta-Hernández et al. (2009), who reported that 
extreme rainfall events occur more frequently 
during periods of La Niña and during the positive 
SKDVHRI3'27KHRQO\VLJQL¿FDQWSRVLWLYHWUHQG
\ULQWKHFRQWULEXWLRQRIH[WUHPHHYHQWV
to the annual precipitation was observed in region 
1. This trend is also consistent with the obser-
vations of Peralta-Hernández et al. (2009), who 
found a positive trend in the largest and moder-
ate extreme events in Southern Mexico. The in-
ÀXHQFHRI7&VDWWKHORZHU5tR9HUGHVHFWLRQRI
the Pastoría coastal lagoon (part of the mouth of 
region 1) has been analyzed through sediment 
core studies and has been traced as far back as 
the Holocene; but an increase in storms driven 




Extreme wet and dry years as well as the top 95 
percentile of daily precipitation events derived 
from tropical cyclone for the Eastern Tropical 
3DFL¿F DQG QRQWURSLFDO F\FORQH UDLQIDOO ZHUH
analyzed in coastal river basins in Southern 
Oaxaca, Mexico, for the 1961 to 1990 period. 
The aim of this study was to evaluate extreme, 
trends in the annual contribution of daily P95 
precipitation events and to determine the 
relationship of summer precipitation with El Niño 
6RXWKHUQ 2VFLOODWLRQ DQG WKH 3DFL¿FDO 'HFDGDO
Oscillation.
Rainfall extremes in Oaxaca coastal basins 
were associated with tropical cyclones in the 
HDVWHUQ 7URSLFDO 3DFL¿F ZLWK OHVV FRQWULEXWLRQ
of non-tropical cyclones; these were associated 
with weak La Niña and Neutral conditions. Dry 
events were associated with weak El Niño/Neutral 
SRVLWLYHFRQGLWLRQV$QXSZDUGWUHQGVLJQL¿FDQW
for the hurricanes only was determined in region 
1, the maximum annual precipitation of the study 
area; a downward trend was found in region 4, 
the Oaxaca Valley. The principal contribution of 
tropical cyclones and non-tropical cyclones was 
found in region 3, the closest to the Isthmus of 
7HKXDQWHSHF$ELPRGDO UDLQIDOOGLVWULEXWLRQ WKH
WRSRJUDSK\DQGWKHLQÀXHQFHRIWKH*XOIRI0H[LFR
and Gulf of Tehuantepec distinguish this region.
Finally, from this study it is evident to 
investigate further the detailed nature of a few 
)LJXUH'LDJUDPWRLOOXVWUDWHVRPHRIWKHPDLQ¿QGLQJVLQWKLVVWXG\
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major events and the importance of a continuous 
monitoring of climate data, particularly in 
regions with gaps and lack of stations over 
inaccessible areas of high elevation. The study of 
the hydrology of the Oaxaca basins analyzed will 
be the next step to connect their variability with 
the climate patterns and extreme events studied 
in the present work.
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